Introduction {#s1}
============

The *Bacillus cereus* (Bc) group encompasses genetically related species of clinical and industrial interest. Within this group, a number of strains typed as *B. cereus* (Bc) *sensu stricto* were implicated in poisoning from contaminated foods, bacteraemia, endocarditis, endophthalmitis, neonatal meningoencephalitis, and soft tissue infections ([@R1]; [@R4]; [@R9]; [@R26]; [@R42]). In contrast, many strains of the Bc group member *Bacillus thuringiensis* (Bt) are known to be entomopathic, and some of them have been developed for large-scale commercial use in forestry (e.g., against spruce budworm, gypsy moth), agriculture (e.g., against corn borer, tobacco budworm) and prevention of disease dissemination (e.g., against mosquitos, blackflies). However, there are reports that some Bt strains are infectious to humans, and similar in properties to Bc strains examined ([@R8]; [@R19], [@R18], [@R20]; [@R22]; [@R26]; [@R34]).

Genomic and proteomic comparisons showed that members of the Bc group are related and possess similar virulence factors, including enterotoxins, exotoxins, hemolysins, phospholipases, and proteases, many of which are controlled by a common regulator, PlcR ([@R15]; [@R29]; [@R38], [@R42]; [@R48]). The molecular similarity (sequence and organization) of Bc group chromosomes strongly supports claims that existing species classification need to be re-evaluated ([@R17]). Given the close relationship between Bc and Bt, there is a necessity for strain-specific data on their functional properties, especially as they relate to harmful attributes.

There are only a few reports of Bt infections in humans and animals ([@R19], [@R18], [@R33]; [@R39]; [@R40]; [@R41]). This lack of data creates a need for clarification about specific strain differences in relation to molecular identity, pathogenic capacity, and overlapping environmental niches. Furthermore, experimental exposures demonstrate conflicting information about the capacity of Bc and Bt to infect non-target animals. [@R19], [@R18]) found that mice instilled intranasally with high doses (10^7^--10^8^ cfu per mouse) of either dormant spores or actively growing vegetative cells (VC) of Bc or Bt strains, showed hemorrhagic symptoms, neutrophil infiltration and death. Siegel and colleagues argued that death of mice does not occur with inhalation exposure, and that only intracerebral or intraperitoneal routes result in murine death ([@R39]; [@R40]; [@R41]).

Another *Bacillus* species, whose strains are often used in industrial applications is *Bacillus subtilis* (Bs). This species is generally recognized as safe (GRAS). However, like Bt, it is taxonomically complex ([@R30]), and there is no published information on its inhalational safety. However, in the analysis of probiotic activity of various *Bacillus* strains and products, mice exposed intragastrically to spores of a Bs lab strain (PY79) showed increased tissue (spleen, liver, mesenteric lymph nodes, and submandibular glands) cytokine levels (TNF-*α* and IFN-*γ*) and plasma immunoglobulin G ([@R11]). In addition, it was suggested that Bs persists and possibly replicates in the gut, but is not disseminated beyond the gastrointestinal tract ([@R21]).

Further successful safe exploitation of *Bacillus* species would benefit considerably from research which clarifies the species/strain differences of the types and potencies of various virulence factors. Towards this goal, the present study describes a screening methodology using *in vivo* experiments with indicators of early murine immune responses to evaluate the pathogenicity potential of *Bacillus* biotechnology strains relevant to the Canadian Environmental Protection Act ([@R3]). The methodology exploits immune markers indicative of acute lung inflammation, fever induction and acute phase response (APR) ([@R6]; [@R7]; [@R23]). Comparisons were made between strains of Bc and Bt, commercially used Bt subspecies *kurstaki* and *israelensis* biopesticides (referred to as CP1 and CP2, respectively), and a biotechnology-relevant Bs strain. The effects of purified spores, as well as spore-derived live and dead VC were also compared.

Materials and methods {#s2}
=====================

Preparation of bacterial spores {#s3}
-------------------------------

*Bacillus* spp. were either obtained from the American Type Culture Collection (ATCC) or as commercial products (CP) from Valent Biosciences, Libertyville, IL (formerly Abbot Laboratories Inc.). The ATCC strains were *B. cereus* (Bc14579^TM^), *B. subtilis* (Bs6051a™), and *B. thuringiensis* (Bt13367™). The spore-containing CP, referred to as CP1 (Foray 48B, Bt spp. *kurstaki)* and CP2 (Vectobac 12AS, Bt spp. *israelensis)* were diluted in physiological saline, based on spore content calculated as colony forming units (cfu). To prepare pure ATCC Bt or Bs(a) spores, approximately 10^7^cfu were incubated at 28°C for 10 days in 50 mL of either Luria Bertani (LB) broth (10 gL^−1^ Tryptone, 5 gL^−1^ Yeast Extract, 10 gL^−1^ NaCl) or 2X SG medium (16 gL^−1^ Difco Nutrient broth, 0.5 gL^−1^ MgSO~4~ · 7H~2~O, 2 gL^−1^ KCl, pH 7) supplemented with 1 mmol Ca(NO~3~)~2~ · 4H~2~O, 0.1 mmol MnCl~2~ · 4H~2~O, 1 ?mol FeSO~4~ · 7H~2~O, 0.1% (w/v) glucose. Bc spores were prepared according to the procedure of [@R13]. Sporulation plates (40 mgL^−1^ MnSO~4~, 100 mgL^−1^ CaCl~2~, 100 mgL^−1^ KCL absorbed into solidified nutrient broth-agar) were inoculated with 200 ?L of Bc liquid culture, and incubated at 37°C for 1 week. Bacterial cells were scraped from the plates and suspended in ddH~2~O. The amount of spores, VC and other culture components was monitored daily using a modification of the Schaeffer-Fulton method ([@R5]). Briefly, preparations were stained with 5% (w/v) malachite green oxalate and counterstained with 3% (w/v) safranin (Sigma, Oakville, ON), and slide smears were visualized by light microscopy. When spore concentrations were \>90%, the cell fraction was washed with saline, and any live VC were killed by heating at 60°C for 30 min. Spores were further purified from killed VC and other culture components with an aqueous-polymer two phase separation procedure ([@R32]). This procedure yielded 99--100% viable *Bacillus* spores, which were concentrated to 10^8^ cfu mL^−1^ and frozen at ---80°C in PBS with 10% (v/v) glycerol until use. Spore viability and concentration were validated regularly.

Preparation of live and dead VC {#s4}
-------------------------------

Washed VC were generated by incubating spores for 72 h at 37°C in LB to yield cultures containing primarily live and dead VC, but also spores (\<1%) and insoluble culture debris. These cultures were washed of culture supernatant and debris with three centrifugations (5000 × *g*, 10 min) and re-suspension steps using 5--10 volumes of sterile PBS. Both CP were efficient sporulators, and 72-h cultures contained 99% spores. Therefore, VC for CP-1 and CP-2 were derived from 18-h cultures grown at 37°C. For some experiments, VC were killed by heating at 100°C for 30 min or incubating with 50 ?g mL^−1^ gentamicin for 2 h, followed by three washes with PBS. To track dose delivery, killed Bc VC were stained with Alexa-Fluor555^TM^ Succinimydl Ester (Molecular Probes, Eugene, OR) using a modification of the supplier\'s protocol. Briefly, bacteria were centrifuged at 5000 × *g* for 10 min, resuspended in 100 mmol sodium bicarbonate (pH 8.3) and mixed with Alexa dye. After constant agitation for 1 h, the stained bacteria were washed 3 × 10 min at 5000 × *g* to remove unbound dye and resuspended in fresh saline.

Animals and exposures {#s5}
---------------------

All procedures involving animals were approved by the Health Canada Animal Care Committee. Female Balb/c mice were purchased from Charles River Laboratories Inc. (Saint-Constant, Quebec) or Taconic Inc. (Germantown, NY), and were maintained and treated in a pathogen-free biosafety level 2 containment facility. Only animals between 18 and 23 g (8--10 weeks) that had been acclimated for at least 2 weeks were used for experiments. Mice had access to food and water *ad libitum*. For endotracheal instillation, mice were anesthetized with isoflurane and the 25 μL dose of bacteria or saline alone was aerosolized through the trachea into the lungs with a syringe-style nebulizer (Microsprayer^TM^, Penn Century, Philadelphia, PA). Mice typically recovered from anaesthesia and dosing within 2 min. Either 3 or 6 mice were used for each treatment group.

The selection of the first time point for routine screening was done following pilot experiments that tracked tissue bacterial content and cytokine levels at 20 min, 2 and 4 h. These experiments demonstrated that the 2-h time point allowed for measurements of both cytokine and bacterial content of target organs. Even though the numbers of bacteria in tissue were lower compared to 20 min exposures, the 2-h interval permitted confirmation of dose delivery. Furthermore, the 2-h point was the earliest time that might accommodate dosing, blood collection and necropsy. The 4-h point was most useful for detecting protein expression changes in the lungs, blood, and liver, but bacterial counts were substantially reduced, preventing reliable estimates of target organ delivery. Some experiments were extended to 4 h to determine if recovery was possible, but the resultant severe shock-like symptoms observed at 4 h after Bc VC exposure deterred routine use of this time point.

Blood and tissue analysis {#s6}
-------------------------

Treated mice were anesthetized and blood (approximately 500--1000 mL) was immediately collected by cardiac puncture and transferred to blood collection tubes containing ethylenediaminetetraacetic acid (EDTA). After mixing to prevent clots, the blood was centrifuged at 1000 × *g* for 10 min to collect plasma. The latter was stored at ---80°C until use. Tissues (liver, lung, and trachea) were collected and also stored at ---80°C. Plasma samples were analyzed for levels of circulating, pyrogenic cytokines, as well as Th1 and Th2 cytokines. These were measured with pre-conjugated bead kits (BioRad, Mississauga, ON) using a high throughput multiplexed bead array system (Bioplex, BioRad). Cytokines are listed here with their limit of detection in parentheses (pgmL^−1^): IL-1*β* (9.4), IL-2 (0.6), IL-4 (2.1), IL-5 (0.3), IL-6 (0.2), IL-12(p70) (2.3), TNF-*α* (1.4), granulocyte macrophagecolony stimulating factor (GM-CSF; 2.3), interferon-gamma (IFN-*γ*; 1.2). ELISA kits were used for validation of cytokine levels (Peprotech, Rocky Hill, NJ; R&D Systems, Minneapolis, MN), and also for measurement of fibrinogen (Innovative Research Inc., Southfield, MI; detection limit 30 ng mL^−1^) and serum amyloid A (SAA; Biosource International Inc., Camarillo, CA; detection limit 3 ng mL^−1^). The multiplex and ELISA assays were also used for measurement of cytokine and acute phase protein levels from lung and liver homogenized (PowerGen 125, Fisher Scientific) in the presence of a protease inhibitor cocktail (Roche, Laval, QC).

In order to measure the clearance of bacteria from tissues, animals were sacrificed by cervical dislocation at various times following exposure. The lung, trachea, and esophagus were excised and homogenized in 1 mL saline with a hand-held homogenizer (PowerGen 125, Fisher Scientific). Serial dilutions were plated on LB-agar plates, and cfu content was determined after incubation at 28°C for 18 h.

Granulocyte infiltration into tissues was monitored by immunofluorescence microscopy using antibodies to the surface glycoprotein Ly-6G of granulocytes. Tissue pieces were placed into 4% (w/v) paraformaldehyde for 18--24 h, followed by storage in 70% ethanol at 4°C until further processing. Tissues were sectioned with a vibrating microtome (Vibratome Inc., St. Louis, MO). Sections (25--60 ?m) were incubated for 60 min in blocking/incubation buffer (0.05% Tween-20), 90 min at 37°C in 1:50 rat anti-LY-6G (eBioscience, San Diego, CA) and 60 min with 1: 200 TRITC-conjugated anti-rat IgG. Two PBS rinses were conducted between each step. Sections were mounted with Prolong™ antifade solution (Molecular Probes, Eugene, OR) and viewed with a Nikon TE2000 inverted microscope with epifluorescence optics, connected to a Nikon C1 Laser Scanning Confocal unit with three lasers (488, 543, and 633 nm). Three random fields for each mouse (nine fields total for each group) were enumerated for LY-6G-positive cells.

Statistical analysis {#s7}
--------------------

The significance of the differences in Ly-6G, cytokines, and APR markers between bacteria-exposed mice and saline-treated mice was done by conducting an analysis of variance (ANOVA) followed by a post-hoc Dunnett\'s Multiple Comparison Test ([@R12]). Statistical analyses were done in "R" version 2.11.1 ([@R3]).

Results {#s8}
-------

### Bacteria used for murine exposures {#s9}

Purity and consistency of the bacterial preparations was ensured with quality control monitoring using a staining protocol in which spores, VC and debris were differentially stained. The micrographs in [Figure 1](#F1){ref-type="fig"} show smears of spores, washed VC and CP stained with Malachite Green (blue-green spores) and counterstained with safranin (red-orange VC and debris). Staining showed that the preparations of purified spores and CP contained no VC, but did contain some pinkish-red stained, amorphous, extracellular debris. Washed VC were predominantly composed of VC (\< 1% spores). Based on cfu counts and hemocytometer measurements of total VC, the ratio of live to dead cells was approximately 1:10 for Bt VC, and 1: 1 for VC derived from Bs(a), Bt and both CP. As expected from previous studies ([@R36], [@R37]) CP contained large numbers of spores, as well as relatively large safranin-stained amorphous material and smaller regularly shaped structures, resembling parasporal inclusion bodies.

### Tissue clearance and persistence of Bacillus cells {#s10}

To localize dose delivery within the airway, washed VC of Bc were labeled with a fluorescent dye before exposure. Spores were not used because they did not stain with sufficient intensity for microscopic detection. At 2-h after exposure with 10^6^cfu per mouse, tissue was excised, fixed, and sectioned. Micrographs in [Figure 2](#F2){ref-type="fig"} show that fluorescently-labeled VC (orange) were localized around the bronchioles and alveoli ([Figure 2a](#F2){ref-type="fig"}, inset). Other tissues had trace numbers of bacteria in the trachea (arrows in [Figure 2b](#F2){ref-type="fig"}) and esophagus (not shown).

![(Color online). Preparations of *Bacillus* strains used for murine exposures. Micrographs of *Bacillus* spores and washed VC were prepared as described in the section "Materials and methods". Samples were dried onto slides and stained using a modification of the Schaeffer-Fulton Method, which results in blue-green spores (Malachite Green) and red-orange VC debris (Safranin). Bc, *B. cereus* 14579; Bs(a), *B. subtilis* 6051a; Bt, *B. thuringiensis* 13367; CP-1 (Btk), commercial product from *Bt* subsp. *kurstaki;* CP-2 (Bti), commercial product from *Bt* subsp. *israelensis.* Bar in lower right of CP-2 represents 5 ?m, which is the same scale for all micrographs.](gtec93_314_f1){#F1}

![(Color online). *Bacillus* dose distribution in tissues. VC of Bc (10^6^cfu per mouse) were labeled with Alexa Fluor 555 succinimydl ester and used for endotracheal exposures. Two hours after exposure, airway tissues were excised and either fixed and sectioned for microscopy, or homogenized and plated on LB-agar for bacterial enumerations. Micrographs show immunofluorescence of (a) lung sections with bacteria (orange) around the bronchioles and within alveoli, and (b) traces of bacteria in the trachea as indicated with arrows. Sytox™ Green (nuclei) was used as a counterstain for both (a) and (b). The pulmonary bacterial distribution at 2 h is shown in (c) and (d). The colors of lung segments in (c) correspond to the colors in the pie chart in (d). Numbers adjacent to pie segments in d are cfu mg^−1^ of tissue obtained from homogenized lung segments. Percentages in d represent the proportion of total cfu\'s recovered. Data are mean values from three mice ± standard deviation.](gtec93_314_f2){#F2}

To determine the dose distribution within lungs following delivery by the endotracheal method, lung lobes were excised and homogenized, and serial dilutions were plated on LB-agar. Colonies were counted after incubation at 37°C for 18 h. Measurements in different areas of the lungs ([Figure 2c](#F2){ref-type="fig"}, [d](#F2){ref-type="fig"}) indicated bacteria were equally distributed between left and right lungs. For the right lung, the greatest proportion of bacteria was found in the median and caudal lobes, and fewest bacteria were in the cranial lobe.

[Figure 3](#F3){ref-type="fig"} summarizes bacterial counts in the lungs and trachea following exposure. At 2h for all strains, 1.3--341 cfu mg^−1^ (total 260--68,000 cfu lung^−1^) were recovered, which equates to 0.03--6.8% of the applied dose. Since 2 h was the earliest that could be done to accommodate all testing activities, including dosing and blood collection, an experiment for 20 min following exposure was done. Data revealed that almost the entire original dose could be retrieved from the trachea and lungs, which indicates that as much as 99% of pulmonary clearance occurs between 20 and 120 min. To determine if there was a difference in the rate of elimination of bacteria from the lung depending on the species, bacterial content was measured over a 1-week period. Bs(a) was cleared from the lungs within 48 h, at least 2 days before the other bacteria. The commercial Bt preparations showed delayed clearance from both the trachea and lungs since bacteria could still be recovered 3--7 days post-exposure. A difference between CP-1 and CP-2 was that mice exposed to CP-2 showed an apparent transitory fall in pulmonary and tracheal bacteria at 24 h post-exposure, followed by an elevation in bacterial counts in both tissues, which may represent transit from another tissue.

### Physical/behavioral symptoms of *Bacillus* exposure {#s11}

The behavior and appearance of mice were monitored throughout every exposure for symptoms of discomfort or stress. Mice treated with 10^6^ purified spores or CP showed no apparent symptoms over a 1-week period. Mice treated with 10^7^ spores had noticeable ruffled fur at 24 h, but otherwise resembled saline-treated controls. In contrast, experiments involving washed Bc and Bt VC were prematurely terminated at 2h in accordance with animal care guidelines, because animals showed obvious signs of stress, including hypoactivity, hunched-over appearance, ruffled fur and respiratory distress. The proportion of treated animals that displayed such symptoms differed for Bc (all symptomatic), Bt (two of four symptomatic) and Bs(a) (asymptomatic).

### Immune effects of purified spores, CP, and washed VC {#s12}

Several biomarkers were monitored following endotracheal instillaton with 10^6^cfu of either purified spores or diluted CPs. Enumeration of LY-6G-positive granulocytes, and pulmonary and blood inflammatory cytokines IL-1*β*, IL-6, and TNF-*α*), and Th1 and Th2 cytokines (IL-2, IL-4, IL-5, IL-12(p70), GM-CSF, IFN-*γ*) showed that there were no significant changes compared to saline-treated controls when monitored over a 1-week period, or even during weekly Bc spore exposures for 1 month. In contrast, confocal micrographs of exposures to washed Bc, Bt, and CP-1 VC showed a significant elevation in the number of pulmonary granulocytes ([Figure 4b](#F4){ref-type="fig"}) compared to those treated with saline ([Figure 4a](#F4){ref-type="fig"}). The box plots in [Figure 4c](#F4){ref-type="fig"} illustrate that individual responses were variable, as indicated by the large area within the boxes. Yet the means were statistically different compared to controls. In contrast, the Bs(a) or CP-2 strains did not induce a significant elevation in granulocytes.

![Tissue clearance and persistence of *Bacillus* cells. Mice inoculated endotracheally with 10^6^cfu of spores or VC per mouse were sacrificed at various time intervals, and the lungs and trachea were homogenized and spread-plated for estimation of bacterial content. Means (filled squares) of 4 control and 3 exposed mice (empty circles) are shown.](gtec93_314_f3){#F3}

![(Color online). Immune effects of washed VC. Three mice were instilled endotracheally with either saline or 10^6^cfu per mouse of VC, and were sacrificed at 2-h post-exposure and lung sections were stained with rat anti-mouse-LY-6G and anti-rat-TRITC antibodies. Examples of confocal micrographs shown in (a) (saline) and (b) (Bc VC) were used to enumerate three random fields from each lung section of three mice (nine fields total per group) of LY-6G-positive cells (red-orange), and are summarized with box-whisker plots in (c). Box limits represent the 25th and 75th percentiles and whiskers represent the 5th and 95th percentiles. Means (horizontal line within boxes) are for 10 individual counts (solid circles). Pulmonary pyrogenic cytokine levels (d) were derived from homogenized lung tissue using a multiplex bead array system against antigenic standards supplied by the manufacturer. Error bars represent the standard deviation. Asterisks indicates significantly different values from pooled saline exposures, as determined using ANOVA and Dunnett\'s Multiple Comparison Test (∗*p* \< 0.1; ∗∗*p* \< 0.05).](gtec93_314_f4){#F4}

The increased numbers of pulmonary granulocytes suggested that several cytokines may have been elicited by lung cells. To test this hypothesis, excised lung tissues and plasma of mice treated for 2 h with washed VC were screened for the pyrogenic cytokines IL-1*β*, IL-6, and TNF-*α*. None of the pyrogenic cytokines levels for any of the strains were significantly altered in plasma. In lung tissue, Bc showed increases in the mean levels of IL-1*β*, IL-6, and TNF-*α* by 4.5, 63, and 3.5-fold, respectively ([Figure 4d](#F4){ref-type="fig"}) compared to controls.

### Inactivated vegetative cell exposures {#s13}

Washed VC contain variable amounts of dead, inactive VC. To test whether they could contribute to immunostimulation, mice were dosed with VC of each bacterial strain killed with either heat or gentamicin. Both inactivation methods resulted in no bacterial colonies after plating or bacterial metabolic activity after staining with MTT, which is a viability indicator that detects the presence of even a single metabolically active bacterium ([@R36]). At a dose of 10^6^ or 10^8^ Bc inactivated VC (cfu-equivalents), exposed mice showed no symptoms at 2 h. There was also no significant elevation of granulocytes compared to controls. The only effects observed were an increase in the means of plasma IL-1*?* (4.6-fold) and TNF-*α* (12.4-fold). Mean levels of IL-6 did not change during any exposure to dead VC. Data demonstrate that live bacteria are necessary to generate the majority of effects observed during exposures to washed VC.

### Dose effects of washed VC {#s14}

To further investigate the effects of washed VC and determine the no observed effect level (NOEL) for immune responses, exposures were conducted with log~10~ serial dilutions of Bc, Bs(a), and Bt washed VC (10^6^-10^2^ cfu per mouse). These experiments showed that some animals (usually one of three) did not respond to the exposures and produced high standard deviations ([Table 1](#T1){ref-type="table"}). For those that did respond, pyrogenic cytokines were significantly elevated in blood and lungs for 10^5^ and 10^6^cfu doses of washed Bc VC but not significantly for the same doses of Bs(a) or Bt. The NOEL for cytokine changes was 10^4^ cfu for both lung and blood.

###### 

Cytokine levels (pg mL^−1^) 2h after Bc14579 vegetative cell exposure.

  Dose (cfu per 25 μL)   IL-1*β*         IL-6            TNF-*α*
  ---------------------- --------------- --------------- -------------
  *Lung cytokines*                                       
  0 (vehicle)            614.6±545.5     47.6±26.8       15.0±2.4
                         520.5±74.6      60.8±24.5       20.4±1.8
  10^3^                  322.07±91.0     42.4±26.5       12.2±3.0
  10^4^                  592.6±387.6     43.0±24.1       9.8±3.8
  10^5^                  6515.4±4571.1   6336.3±5226.7   181.5±169.8
  10^6^                  6873.0±6321.9   9520.2±9478.3   271.6±379.6
  *Plasma cytokines*                                     
  0 (vehicle)            Not detected    4.6±1.4         0.0±0.0
  10^2^                  Not detected    5.5±4.5         0.7±0.0
  10^3^                  Not detected    3.5±0.9         0.7±0.0
  10^4^                  Not detected    5.9±0.9         0.7±0.4
  10^5^                  Not detected    133.6±149.6     3.3±3.6
  10^6^                  Not detected    122.2±137.6     4.3±0.0

Notes: Mice (three per group) instilled endotracheally with either saline or various doses of VCs were sacrificed at 2-h post-exposure. Pyrogenic cytokines were measured in homogenized portions of lung tissue and plasma using a multiplex bead array system. The high standard deviation in some exposures resulted from usually one non-responsive animal per group.

### Extended exposures with washed VC {#s15}

To investigate whether longer exposures may result in recovery or worsened effects, 10^6^ cfu of washed VC of each *Bacillus* strain was administered to mice, and observations were made 4-h post-exposure. All Bc-exposed animals had ruffled fur at 2 h, and 4 of 6 showed additional symptoms beginning at 2.5 h, which included hypoactivity and ocular discharge resulting in a ring of damp fur around the eyes. Effects did not diminish at 4h when the experiments were terminated. Almost equivalent effects were observed with mice treated with washed VC of Bt (2 of 3 positive), CP-1 (1 of 3 positive) or CP-2 (2 of 3 positive). However, still no marked effects were observed with Bs(a) exposure.

![(Color online). Granulocyte infiltration 4 h after exposure. Three mice were instilled endotracheally with either saline or 10^6^ cfu per mouse of VC, and were sacrificed at 4-h post-exposure. LY-6G-positive granulocytes were enumerated from three random fields of each lung section from three mice (nine fields total per group). Insets show lung sections from mice treated with either saline (a) or Bc (b). Asterisks indicates significantly different values from pooled saline exposures, as determined using ANOVA and Dunnett\'s Multiple Comparison Test (∗*p* \< 0.1; ∗∗*p* \< 0.05).](gtec93_314_f5){#F5}

Plating of homogenized lung, trachea, and esophagus showed that the number of bacteria recovered was essentially equivalent at 2 and 4 h post-exposure. At 4 h, the mean number of pulmonary granulocytes was 6--9-fold greater compared to controls ([Figure 5](#F5){ref-type="fig"}) and up to 2-fold greater than those at 2-h post-exposure. Levels of plasma and pulmonary cytokine markers, IL-1*β*, IL-6, and TNF-*α*, were also elevated ([Figure 6a](#F6){ref-type="fig"}, [b](#F6){ref-type="fig"}), but not substantially greater than those at 2 h. Compared to saline controls, Bc exposures produced mean levels of IL-1*β*, IL-6, and TNF-*α* to increase by 25, 15, and 16-fold, respectively in lung tissue, and 4.7, 11, and 27-fold, respectively in plasma. No statistical significance was observed with these data, suggesting that the elevation in cytokines levels previously observed at 2 h post-exposure was transient and probably diminishing by 4 h post-exposure.

The presence of pyrogenic cytokines in the circulation suggested that APR proteins may be expressed by the liver, since hepatic cells are known to possess receptors to these cytokines ([@R16]). Therefore, two APR proteins, fibrinogen and serum amyloid A (SAA), known to be elevated in the liver and blood during APR response ([@R16]) were tested. Measurement 2-h post-exposure did not show increases in either of these markers, but at 4-h post-Bc exposure both markers were elevated in the blood, and post-Bt exposure SAA was significantly elevated ([Figure 7](#F7){ref-type="fig"}).

Discussion {#s16}
----------

This study describes an animal screening methodology which builds on *in vitro* virulence tests in order to assist in differentiating between pathogenic and non-pathogenic *Bacillus* organisms proposed for use in biotechnology. One of the tenets of the ethical use of experimental animals is the reduction in the numbers used, so experiments were intentionally designed with a minimal number of animals per exposure group. The confidence in observations was enhanced with preliminary testing using *in vitro* cytotoxicity assays ([@R45]), employing toxicity indicators from various sampling sites (lung, liver, and blood) of the same animal, presentation of data in formats such as box plots to highlight where inter-animal variation is significant, as well as dose-response experiments and time courses to demonstrate reproducibility and trends. In some exposure groups, a proportion of animals were unresponsive, while the majority showed clear and large changes compared to saline-treated animals. Individual animals and their tissues were tracked throughout the analysis, and no significant correlation could be made with the cfu\'s recovered from the lungs, and extent of response observed. The reason for the inter-animal variability is currently unknown, but was observed to the same extent when the sample size was increased to 6 instead of 3 for 4-h post-exposure measurement of cytokines and APR markers. The larger sample sizes elevated the confidence in the data (lower *p* values), but did not alter the overall result, which still clearly demonstrated the potential effects of the exposure in affected animals.

![Pyrogenic cytokine levels 4 h after exposure. Mice instilled endotracheally with either saline or 10^6^cfu per mouse of VC were sacrificed at 4-h post-exposure. Pyrogenic cytokine levels were measured using a multiplex bead array system in portions of lung tissue (a) and plasma (b). Data are mean values from three mice ± standard deviation.](gtec93_314_f6){#F6}

![Levels of APR Indicators. Mice instilled endotracheally with either saline or 10^6^cfu per mouse of VC were sacrificed at 4-h post-exposure. APR markers, fibrinogen and SAA were measured by ELISA. The graph summarizes plasma fibrinogen and SAA levels from 4-h after exposure to all sources of washed VC. Data are mean values from three mice ± standard deviation. Asterisks indicates significantly different values from pooled saline exposures, as determined using ANOVA and Dunnett\'s Multiple Comparison Test (∗*p* \< 0.1; ∗∗*p* \< 0.05).](gtec93_314_f7){#F7}

The murine exposure data presented here show that for all strains, washed VC containing live VC are most immunoreactive and toxic (physical symptoms, local and systemic effects), and that the potency of spp. can be ranked as Bc \> Bt \> Bs(a). In comparison, dilute commercial Bt products (mainly CP-spores), purified spores, or dead VC elicited little or no inflammatory response. Since the spores were known to be viable (∼99%) up to the point of instillation, and there was low recovery of cfu from the lung at 2 h, this lack of inflammatory response may have been due to early clearance, inhibition of spore germination, or that early germinants were inactivated prior to replication. However, for both dead and live VC, there was an increase in expression of IL-1*?* and TNF-*α*, which is similar to the production of these cytokines by monocytes during lipopolysaccharide exposure ([@R35]; [@R49]). The lack of IL-6 expression with killed VC may be due to the early stage in the cytokine expression cascade, since IL-6 is known to be a secondary inflammatory mediator ([@R46]).

The immunostimulatory capacity of the three different *Bacillus* species was not the same, and may relate to findings recently reported. [@R31] showed that different species of gram-positive bacteria have different TNF-*α* and nitric oxide inducing capacities in RAW 264.7 macrophage, which were related to their respective lipotechoic acid (LTA) content. Further, [@R31] suggested that the greater D-alanine content of LTA from pathogenic species results in enhanced immunological properties. Elevated LTA D-alanine levels may function to increase the net negative charge of the bacterial cell wall, influencing interactions with mammalian cellular components.

The findings in the present study support investigations previously done *in vitro* with *Bacillus* spp. for rapid throughput screening of strains from public repositories and CP ([@R43], [@R44], [@R45]). These studies demonstrated that a number of animal cell lines were useful for predicting toxicity and the potential for eliciting innate immune responses. Spores from commercial sources, and type-strains of Bc and Bt, but not Bs(a), were not toxic if inactivated with antibiotic. However, if spores were permitted to germinate and replicate in the presence of HT29 epithelial cells, rapid and severe necrotic cell death was observed, which resulted from exoproteins produced during vegetative growth. The present experiments showed that VC exerted their effects beginning at about 1.5 h, and that equivalent numbers of killed VC did not produce similar pathogenesis as live VC. Our previous *in vitro* findings for effects of washed VC also reflected these observations and showed that the cytolytic effects resulting from toxin accumulation occurred at about 1.5 h, which is approximately equivalent in duration to one doubling of VC number ([@R45]). Data presented suggest that VC toxin production and replication probably also occurs *in vivo*.

Washed VC produced shock-like symptoms that corresponded to sensitive local and systemic cellular responses, and elevations in molecular indicators such as local inflammation, pyrogenic cytokines, and APR proteins. Biomarker elevations were dependent on the bacterial species: animals exposed to live Bc elicited the most inflammation, pyrogenicity, and early APR, whereas VC of Bt or Bs(a) resulted in relatively attenuated immune stimulations. One possible explanation for lowered APR from commercial Bt strains is their propensity to rapidly re-sporulate. Significant elevations of the APR proteins were detected (means were 2--3-fold compared to controls). These markers have been recommended for the diagnosis of bacterial infections ([@R16]; [@R47]). SAA levels increase 5--1000-fold in the blood beginning at 4--6 h ([@R46]), making it a sensitive indicator of APR. The multiple roles of SAA in recovery from bacterial infections is well-documented, and was reviewed in depth by [@R46]. During the APR, fibrinogen levels rise 2--3-fold, as observed in our study, and its role in coagulation is well known.

Some of our findings are consistent to those of [@R18] and [@R33] who reported that intranasal instillation of Bt subsp. *Konkukian* or Bc14579 (10^7^--10^8^ spores) and 10^8^ Bt serotype 407, 3a3b or H34 induced shock-like symptoms such as nasal bleeding pulmonary hemorrhaging, neutrophil infiltration, and lesions from acute bronchitis, followed by mortality at 24 h. Their control soil Bt serotype H12 only produced limited pulmonary inflammation. These effects were observed with either spores or VC. However, our 24 h exposures with 10^7^ spores of Bc (same strain they used), or spores of our other test strains, failed to induce any immune effects, but rather showed that bacteria were rapidly cleared from the lungs. Differences in methodologies could account for the difference in observations. First, our pilot experiments with saline alone showed that a 50 ?L volume, such as that used in studies by [@R18] and [@R33] was too large for the small Balb/c mice, and often resulted in death from asphyxiation, not produced by bacteria. Furthermore, significant precautions were taken to minimize the amount of VC material in our spore preparations (Materials and methods). Data presented demonstrate that killing VC by heat, which was used by [@R18] in preparation of spores, results in dead VC that still produce low level inflammation. Another difference between experimental observations is that their spores persisted for at least 10 days, whereas our spore preparations were cleared by 99.9% within 4 days. This discrepancy may be due to the heat-killed VC debris present in their spore preparations, adding to the particulate burden in the lungs. This is reminiscent to the slow clearance observed with Bt CPs which contain large amounts of acellular material.

[@R39] argued that the pathogenic effects seen by [@R18] and [@R33] are due to doses that were unrealistic by \> 1000-fold based on human exposures from Bt spray operations ([@R27]). According to [@R2], a microbial control agent can be considered toxic if a dose of 10^6^cfu per mouse produces mortality or clinical/pathological changes similar to the symptoms observed here. Our routine exposures were at, or below this level and all were sublethal for the duration of the study.

A recent study examined the lethal dose of VC and spores of clinical Bt strains using Balb/c mice exposed intratracheally by surgery ([@R14]). The study revealed that VC produced 50% lethality with doses of 1.8 × 10^6^cfu at 48 h after inoculation.

Similar to our study, no marked effects were observed at or below 7.2 × 10^4^cfu, and all animals showed effects with 1.7 × 10^7^cfu. Although our study was not designed to intentionally measure lethal effects, similar death rates with VC-treated animals may have been observed based on our observations at 4 h. Moribund animals in [@R14] study noted identical physical symptoms to those described here. Interestingly, spores from the same strains could also kill the mice, albeit with 20-fold greater cfu. The exaggerated effects observed by [@R14] may be invariably due to the virulence of their strains, and the relatively more invasive intratracheal route of exposure.

In our findings, none of the Bs(a)-treated mice showed physical symptoms, but high VC doses still resulted in increased pulmonary granulocytes. However, there were no increases in any cytokine, which is in contrast to [@R11], who showed that Bs strains PY79 and probiotic Biosubtyl™ were able to induce IFN-*γ* and TNF-*α* from spleens, livers, submandibular glands, and mesentery lymph nodes of intragastrically infected Balb/c mice. The discrepancy in observations may be accounted for by considering their intragastric route of exposure, Bs strain-specific characteristics, and high dose level (10^9^cfu).

Given the findings reported here, a general model for early immune responses resulting from exposure to these *Bacillus* strains can be summarized as follows. Spores at concentrations up to 10^7^cfu per mouse and live VC up to 10^4^cfu per mouse, were cleared by professional macrophages without intervention of granulocytes. No marked changes were observed in the levels of granulocyte infiltration (LY-6G) or tissue and blood cytokines, and yet almost all test bacteria were completely cleared from the lungs 1-week after exposure. In exposures containing \>10^4^ live VC, at least Bc was able to produce toxins, as observed *in vitro* ([@R45]). Macrophage-induced clearance was likely inadequate and necessitated augmentation with granulocyte action. This same mechanism of macrophage-assisted bacterial elimination at low doses, and impaired clearance and granulocyte recruitment at higher doses, was reported previously ([@R10]; [@R24]). The recruitment of granulocytes is brought on by expression of pulmonary and possibly circulatory chemokines, which are expressed by macrophage and lung epithelial cells ([@R10]). These granulocytes have potent microbicidal properties against *Bacillus*, as demonstrated by their ability to kill *B. anthracis* ([@R25]) and their involvement in the defence against Bt ([@R14]). The more severe effects that were observed at 4 h after exposure to Bc VC resemble those of early APR, including elevated systemic levels of liver APR markers, fibrinogen and SAA ([@R7]). In this model of *Bacillus* infection, it is not known whether our VC-exposed animals are capable of recovery without therapeutic intervention.

The testing regime used here was successful in comparing the toxicity of prioritized biotechnology-related *Bacillus* species, and may be applied to any microbe whose pathogenicity potential is uncertain. This study revealed that for clearance and early immune effects, pure spores, as well as other substances and additives in diluted CP, exhibit no observable effects compared to those elicited by live, metabolically active bacteria (VC). As such, the commercial preparations tested here are not expected to be toxic following inhalational exposure to non-target mammals, including humans, and should be safe when used as intended. Furthermore, data underscore the need for scrutiny of organisms beyond the genus and species levels, especially if proposed for large scale use. Specific strains and their purity need to be evaluated through their life cycle in product preparations, as well as various phases of proposed product use.
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